Abstract
Excessive or abnormally synchronous neuronal activity in the brain is a defining feature of 57 epileptic activity (Fisher et al. 2005) . The in vitro 4-aminopyridine (4-AP) model has been 58 widely used during the last three decades to identify the mechanisms underlying 59 synchronization of hippocampal and parahippocampal neuronal networks (Voskyul and Albus 60 1985; Perreault and Avoli, 1992; Avoli et al. 1996a; Ziburkus et al. 2006; Uva et al. 2009; Hill et 61 al. 2010; Hazra et al. 2012) . However, until recently, it has been difficult to simultaneously 62 study the activity of large populations of neurons from multiple sites in vitro. With the advent of 63 the multi-electrode array (MEA), it is now possible to investigate network-level dynamics 64 arising from single-unit activity of distinct neuronal populations in response to pharmacological 65 or electric stimulation (Egert et al. 2002; Geracitano et al. 2005; Giustizieri et al. 2007; Jia et al. 66 2008; Kent & Meredith 2008; Beretta et al. 2010 Beretta et al. , 2012 . 67 We recently reported on the pharmacology and electrophysiology of local field 68 potential (LFP) discharges induced by bath application of 4-AP in mouse hippocampal slices 69 that were recorded with a perforated MEA (pMEA, Gonzalez-Sulser et al. 2011) . In that study, 70 we identified the presence of two types of spontaneous activity: (i) a frequently occurring, short 71 duration, glutamatergic transmission-dependent LFP observed only in CA3, and (ii) a less 72 frequent LFP occurring in both CA3 and dentate gyrus (DG) and displaying multiple 73 components (see Methods). The CA3-DG occurring LFP is largely generated by the activation 74 of GABA A receptors and is resistant to ionotropic glutamatergic receptor antagonists. The exact 75 mechanisms that underlie its occurrence are unknown, but it is likely that the activity of 76 particular subclasses of GABA-releasing interneurons leads to network synchronization 77 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 sorting of all channels of interest. Specifically, spikes were first mapped into an n-dimensional 166 space with a mixed strategy of principal component analysis (PCA) and amplitude 167 measurements. These components were sorted using a K-means clustering algorithm to obtain 168 independent clusters (Fig. 2D) . The K-Means algorithm chooses the solution that maximizes 169 the variance of the distance between all clustered points and the center of its cluster. Cluster 170 separation was quantified as J3, which is given as J2/J1 where J2 is the sum of the squares of 171 the distances from the centroid of all the points and J1 is the sum of the squares of the 172 distances of each point from the centroid of the cluster it belongs to. Higher J3 values indicate 173 better cluster separation. 174 The absolute refractory period for AP firing should cause the AP frequency to drop to 175 zero below a minimum interspike interval that in similar studies has been assessed to be 176 approximately 4 ms (Hill et al 2011) . In order to avoid cell refractory period violations, Spike2 177 cluster analysis software was utilized to identify pairs of spikes with intervals of less than 4 ms 178 in duration (Fig. 2F ). Channels with a ratio of more than 1 to 10 refractory period violations to 179 spike number were eliminated from the analysis. Remaining channels were corrected manually 180 to establish clusters free of intervals less than 4 ms in duration. Peak spike amplitude was 181 monitored for stationarity and remained constant. Comparisons of the waveforms and clusters 182 were made across the three experimental conditions in order to improve accuracy between the 183 drug treatments. 184
Analysis of LFP initation and propagation 185
As in our previous study (Gonzalez-Sulser et al. 2011 ; but also see Egert et al. 2002) , we used 186 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 between channels, were derived from the average interval between the times at which each of 198 the superimposed traces changed by more than 20% during the LFP. LFPs were classified 199 depending upon the site of origin, as well as the degree of propagation across the slice (Fig.  200   3A) . However as CA3 originating LFPs always propagated to CA1/CA2 areas we did not 201 consider this propagation in our LFP nomenclature. LFPs that were more frequent and 202 initiated in the CA3 subfield were classified as CA3-restricted LFPs if they were predominantly 203 present in CA3 and not in DG. They are referred to as LFP R-CA3 throughout the paper. LFPs that 204
propagated from CA3 to DG were classified as LFP P-CA3/DG (Fig. 3A) . LFP P-CA3/DG typically 205 consisted of an initial CA3-only-like component (LFP P-CA3 ) followed by a long duration, 206 high-amplitude LFP after-discharge present in DG and, to a lesser extent in CA3 (LFP P-DG ), as 207 shown in the examples in Fig 3A and 3B . Consequently, the start time of both LFP P-CA3 and 208 LFP P-DG were determined and utilized for analysis. In most slices, the frequency of events was 209 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 .R2 10 constant and no well-defined pauses were observed between these sequences as reviewed by 210
Avoli and de Curtis (2011). However, in some experiments we recorded long pauses between 211 sequences of LFPs, which may account for our lower frequency of LFPs when compared to 212 previous work. 213
Peristimulus time histogram (PSTH) construction 214
Peristimulus time histograms (PSTHs) with a 50 ms bin size were generated in Spike2 for 215 single units using the various LFP start times as a reference. This bin size was selected as the 216 difference in LFP start time between the channels, which was never greater than 50 ms and 217 therefore provided an accurate measurement of when the field actually began across many 218 channels ( Fig 3B) . The peak action potential frequency of the PSTH was determined from the 219 highest frequency calculated using 50 ms binning in 1.25 s windows for LFP R-CA3 , which 220 occurred more frequently, with an offset of 250 ms from the start time of the LFP. A 3 s window 221
for LFP CPP/NBQX with a 1 s offset was used. We used variable length windows with a first limit 1 222 s before or after LFP P-CA3 and LFP P-DG respectively, and the other limit set at half of the time 223 interval between the two LFPs. These windows were also used to determine the other 224 parameters characterizing the PSTHs. 225
Patch-clamp recordings 226
We performed dual loose-patch recordings with two Axopatch 1D amplifiers ( voltage signals at the head stage of the patch-clamp amplifier were filtered at 2 kHz with a 239 low-pass Bessel filter and digitized at 5-10 kHz using a personal computer equipped with 240 Digidata 1322A data acquisition board and pCLAMP 10 software (Molecular Devices Co). 241
These signals were also acquired with two analog channels of the MCS amplifier MEA-2100 242 that allows for positioning of multiple external recording electrodes. 243
Statistics 244
Normality was assessed for each group utilizing the Kolmogorov-Smirnov test. Two way 245 analysis of variance (ANOVA) was utilized to compare LFP frequency, duration, initiation, and 246 propagation differences between LFPs before and after pharmacological manipulation followed 247 by Tukey posthoc testing. Paired t-tests were used to compare frequency and amplitude 248 differences with iGluR blockade within each area. To assess between-group differences in 249 parametric PSTH parameters such as frequency and duration, we used 1-way ANOVA with a 250 post hoc Bonferroni correction. For non-parametric PSTH parameters such as start time, 251 baseline firing rate, and action potential half-width and peak-to-valley measurements, we 252 utilized a Kruskal-Wallis ANOVA to determine significance, followed by a Mann-Whitney U-Test 253 JN-00363-2012.R2 12 to assess the differences between specific sample pairs. 254
255

Results
256
Using a perforated multi-electrode array (pMEA), we recorded 4-AP-induced epileptiform 257 activity in acute hippocampal slices (Fig 1A-C) . In the present study, we expanded our experi-258 ments from the isolated hippocampus (coronal slice preparation; Gonzalez-Sulser et al. 2011) 259 to a horizontal hippocampal slice preparation. This preserves cortical inputs and is therefore a 260 more frequently utilized in vitro model of temporal lobe epilepsy (Kaila et al. 1997; Barbarosie 261 and Avoli 1997). The MEA grid of 60 electrodes (Fig 1D) allowed us to simultaneously record 262
LFPs and multiunit activity from CA1, CA3, and DG regions of the hippocampus. Consistent 263 with our previous results, we observed two distinct populations of LFPs (Fig 1A) which initiated 264 predominantly in CA3 (Fig 1E) and were distinguished by their propagation patterns into the 265 dentate gyrus (Gonzalez-Sulser et al. 2011) . The first, a frequent, short duration LFP (LFP R-CA3 , 266 triangles in Fig 1A) originated predominantly in CA3 ( Fig 1E) and was restricted to the 267 hippocampus proper (CA3/CA2/CA1). The second, a less frequently occurring LFP 268 (LFP P-CA3/DG , diamonds in Fig. 1A ) originated in CA3 and propagated to both DG and CA2/CA1. 269
As previously observed, the CA3-restricted LFPs (LFP R-CA3 ) were significantly more frequent 270 than the CA3-DG propagating LFP P-CA3/DG (p < 0.05, Fig 1F) . These results extend to the 271 horizontal slice our previous findings (Gonzalez-Sulser et al. 2011). 272 To examine the synaptic events underlying these LFPs, we blocked ionotropic 273 glutamatergic (iGluR) signaling using the NMDA-and AMPA-type glutamate receptor all LFPs, although multiunit activity persisted (Fig. 1C) . Interestingly, ionotropic glutamatergic 279 blockade altered the origination patterns of the LFPs by significantly decreasing the frequency 280 of CA3-initating LFPs, while significantly increasing the frequency of DG-originating LFPs (Fig.  281 1E). The occurrence of LFP R-CA3, was significantly reduced by ionotropic glutamatergic block-282 ade, while the frequency of LFPs propagating to DG was not significantly different ( Fig. 1F) . 283 Taken together our results confirm the existence of two distinct LFPs that tend to 284 initiate in CA3: (i) a CA3/CA1 restricted LFP (LFP R-CA3 ) which requires ionotropic glutamatergic 285 transmission, and (ii) a propagating LFP (LFP P-CA3/DG ) which typically initiates in CA3 in the 286 presence of ionotropic glutamatergic transmission, but which originates in DG and persists at a 287 lower amplitude after ionotropic glutamatergic blockade (CPP/NBQX LFP). The LFP P-CA3/DG 288 had two components, LFP P-CA3 and LFP P-DG ( Fig. 3B) , with an average time interval of178 ± 15 289 ms (n=7 slices). 290
Single Unit Activity and Local Field Potentials 291
To elucidate the mechanisms underlying the ionotropic glutamatergic transmission-dependent 292
and -independent LFPs, we examined the multiunit activity (MUA) in detail to study the action 293 potential firing of individual neurons. We high-and low-pass filtered recordings from 294 individual channels to extract distinct single units and LFPs, respectively (Fig. 2F, left, bottom) . 295 MUA ( Fig. 2A ) was resolved into single-unit activity (Fig. 2B ) via offline spike sorting (Fig. 296 2C-E). Single unit activity was extracted for 195 cells in CA3 (n = 101), DG (n = 67), and hilus 297 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 . To examine the single-unit firing behavior of the neuron with respect to the various 298 fields (Fig 3A) , we constructed peristimulus time histograms (PSTHs) from raster plots of 299 single-unit spiking centered on the start time of field of interest. For each single unit, we 300 examined the firing patterns with respect to the LFP R-CA3 , the two LFP components of the 301
propagating LFP P-CA3/DG (Fig 3B, LFP P-CA3 and LFP P-DG ), and the CPP/NBQX LFP. 302
By examining the firing patterns of individual neurons with respect the various fields, 303 we grouped the units into 3 classes (Fig 3C) . Certain units which fired robustly during the 304 LFP R-CA3 also had large increases in action potential frequency with LFP P-CA3 but displayed 305 either a small increase (<60%) or no increase in firing with LFP P-DG (Fig. 3C, top) . These units 306
were accordingly classified as "P-CA3 units" (n = 69, Fig. 3C, top) . LFP R-CA3 -responding 307 neurons that had similar increases in action potential frequency with both LFP P-CA3 and LFP P-DG 308
were termed "P-CA3/P-DG units" (n = 46, Fig 3C, middle) . Neurons which displayed a large 309 increase in action potential frequency with LFP P-DG , but not to the LFP P-CA3 or LFP R-CA3 , were 310 separated as "P-DG units" (n = 42, Fig 3C, bottom) . Cells that had no increase in action 311 potential frequency with any of the LFPs or that did not spike during ionotropic glutamatergic 312 blockade were not included in this analysis. 313 We also observed significant differences in baseline firing rate and cellular location 314 between the 3 groups of neurons. In recording periods without LFPs, P-DG units had a 315 significantly lower baseline firing rate when compared to P-CA3 and P-CA3/P-DG units (0.42 ± 316 0.11 vs 1.07 ± 0.17 and 1.01 ± 0.19 Hz respectively, p < 0.05). P-DG units were more abundant 317 in DG (60%, Fig 4A) , while P-CA3 and P-CA3/P-DG units were more prevalent in CA3 (54% 318 and 69% respectively). These differences were not due to recording bias: there was no 319 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 significant difference in the number of electrodes located in CA3 or DG per slice (7.1 ± 0.9 and 320 5.7 ± 0.8 respectively). This is consistent with LFP R-CA3 and LFP P-CA3 initiation in CA3 and 321 LFP P-DG occurring in DG (Fig 1F) , which suggests that neurons in a particular hippocampal 322 location have a higher probability of firing action potentials with LFPs occurring in those 323
structures. 324
To determine the activity of these three groups of neurons during the LFPs, we 325 quantified the magnitude (Fig 4B) and duration (Fig 4C) of the changes in action potential 326 frequency of these groups with respect to the various LFPs (Fig. 4) . Most P-CA3/P-DG units 327 displayed robust increases in action potential frequency with each of the four distinct LFPs (Fig  328   4B , dark gray), unveiling their synchrony with these LFPs. The increased firing of the 329 P-CA3/P-DG units around the fields persisted for longer than any other cell type (Fig 4C) . In 330 contrast, less than 55% of P-DG units displayed changes in action potential frequency with the 331 LFPs. Those that did had significantly lower firing frequencies (Fig 4B, black) in response to 332 the four distinct LFPs, with the most robust and longest lasting responses occurring in 333 response to the LFP P-DG (Fig 4B-C) . P-CA3 units increased action potential frequency with 334 LFP R-CA3 and LFP P-CA3 and had large and long lasting increases of action potential frequencies 335 with the CPP/NBQX LFP similarly to P-CA3/P-DG. However, in contrast to P-CA3/P-DG units 336 less than 60% of P-CA3 cells displayed changes in action potential frequency with CPP/NBQX 337 LFP. The highly variable inter-peak frequency of action potential firing during this interval 338 prevented a reliable measurement of the duration of LFP P-CA3 PSTHs for the three groups of 339 cells. In summary peak PSTH frequencies of P-CA3 units was significantly higher for the 340 LFP P-CA3 than the LFP P-DG and vice versa for the P-DG units. Peak frequencies of P-CA3/P-DG 341 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 units did not differ between the two components of the LFP P-CA3/DG (Fig 4B) . Most importantly as 342
shown in the example P-CA3/P-DG unit in Fig 3C (middle panel) , action potential firing 343 persisted in the time interval between LFP P-CA3 and LFP P-DG . In the time interval between the 344 LFP P-CA3 or LFP P-DG the action potential frequency of the P-CA3/P-DG units did not drop below 345 76 ± 5% of the peak frequency with the LFP P-CA3 and 67 ± 3% of the peak frequency with 346 LFP P-DG . In contrast, action potential firing of P-CA3 and P-DG units dropped to 14 ± 2% and 5 347 ± 2% of peak frequency with LFP P-CA3 or LFP P-DG respectively. These results suggested that 348 P-CA3/P-DG units, once activated in concomitance with the LFP P-CA3 , maintain their firing 349 leading to the generation LFP P-DG . Based on the locations and firing patterns of the single units in Figures 3-4 , we hypothesized 354 that P-CA3 and P-DG units were CA3 pyramidal cells and DG granule cells, respectively. 355 However, MEA recordings do not allow for the precise identification of active neurons in 356 hippocampal slices. Therefore, we performed loose patch recordings from visually identified 357 CA3 pyramidal and DG granule neurons within hippocampal slices while recording with the 358 pMEA (Fig 5A) . Consistent with our hypothesis, we observed that CA3 pyramidal and DG 359 granule cells had similar activity to P-CA3 and P-DG units, respectively. The CA3 pyramidal 360 neuron in Fig 6A responded to all LFPs, however as with the "P-CA3 units" they had a larger 361 increase in action potential frequency with LFP P-CA3 when compared to LFP P-DG . In our sample 362 of 18 CA3 pyramidal neurons from 10 slices derived from 7 mice, 14 neurons had similar PSTH 363 distributions as in the example shown in Fig 5B. Three neurons had P-CA3/P-DG unit 364 properties with similar peak frequencies to both LFP P-CA3 and LFP P-DG and one neuron had an 365 increase in action potential frequency only with LFP P-DG . 366
In contrast, 10 out of 12 DG granule cells, (10 slices, 7 mice) fired action potentials 367 preferentially with LFP P-DG and significantly less so with LFP P-CA3 (Fig 5B) . In addition, all CA3 368 pyramidal neurons, compared to only 38% of granule cells, fired action potentials during 369 LFP R-CA3 . CPP/NBQX perfusion blocked the synchronous firing of 6 of 7 granule neurons and 3 370 of 6 pyramidal neurons. P-CA3-like pyramidal and P-DG-like granule cells had spike duration 371 and basal frequency as well as peak and inter-peak PSTH frequency consistent with their 372 matching groups deriving from spike sorting (not shown). We therefore concluded that our 373 spike sorting was able to identify distinct classes of neurons based on their firing behavior 374 during various LFPs. 375 376 Spontaneously active neurons in the absence of synaptic transmission. 377 To determine whether single unit activity preceded the generation of the LFPs, we 378 examined the onset time of the action potential frequency increase (taken as time of 5% of the 379 PSHT peak) with respect to the time of the LFPs. The onset time did not differ significantly 380 between the three groups with respect to either the LFP R-CA3 (101 ± 5 ms for P-CA3/DG, 110 ± 381 6 ms for P-CA3 and 86 ± 17 ms for P-DG units) or LFP P-CA3/DG (116 ± 12 ms for P-CA3/DG, 107 382 ± 19 ms for P-CA3 and 106 ± 14 ms for P-DG units). However, the onset time for P-CA3/P-DG 383 units was significantly earlier than that of other neuronal classes during the CPP/NBQX LFP 384 (159 ± 16 for P-CA3/DG vs 88 ± 20 ms for P-CA3 and 108 ± 28 ms for P-DG units, p<0.05). 385 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 This suggested a major role for P-CA3/P-DG units in the generation of the CPP/NBQX LFP. 386 We also observed that P-CA3/P-DG units significantly increased their baseline firing rate in the 387 presence of ionotropic glutamatergic transmission antagonists (p < 0.05, 1.01 ± 0.19 vs 1.71 ± 388 0.30 Hz). This suggests that in the P-CA3/P-DG group there are more neurons capable of 389 spontaneous firing in the absence of ionotropic excitatory drive. 390 We hypothesized that the ionotropic glutamatergic transmission-independent LFPs 391 identified in CA3 and DG (Fig. 1B) were mediated by GABA A receptors. We therefore blocked 392
GABAergic transmission following ionotropic glutamatergic blockade ( Figure 1C ). Ionotropic 393 glutamatergic and GABAergic blockade eliminated all LFPs, but revealed a population of 394 spontaneously active units (Fig. 1C) . Neurons that did not generate action potentials or fired 395 only occasionally during blockade of ionotropic glutamatergic and GABAergic synaptic 396 transmission (CPP/NBQX/BMR) were considered Class A neurons (n= 94, Fig. 6A, top) . 397 Neurons that fired action potentials at a frequency greater than 0.5 Hz (range 0.6-150 Hz) 398 when ionotropic glutamatergic and GABAergic synaptic transmission was blocked were 399 considered class B neurons (n= 90, Fig. 6A, bottom) . Cells (n = 11), which were active in 400 CPP/NBQX/BMR, but did not display unit activity in the presence of 4-AP, were not analyzed 401
further. 402
Spontaneously active class B cells were significantly more abundant in CA3 than in 403 DG per slice (8 ± 1.4 and 3 ± 1.2, respectively for n= 7 slices, p < 0.05) while class A cells were 404 evenly distributed between CA3 and DG, (4.5 ± 1.6 and 5.7 ± 1.4, n= 7 slices). The average 405 action potential duration of class B cells was significantly shorter than class A for both the 406 half-width (Fig 5B, 0 .30 ± 0.01 vs 0.33 ± 0.01 ms, p < 0.05) and peak-to-valley duration (0.62 ± 407 GONZALEZ-SULSER et al. 2012 . Revised JN-00363-2012 0.02 and 1.19 ± 0.03 ms, p < 0.001), suggesting that at least some of the class B units were 408 interneurons (Ranck et al.1973 , Ylinen et al. 1995 , Takahashi et al. 2007 . 409 Interestingly, 73% of P-CA3/P-DG units were class B cells while only 51% and 25% of 410 P-CA3 and P-DG units, respectively, were class B. Although there was no difference in the 411 action potential half-width, P-CA3/P-DG units also had a significantly shorter action potential 412 peak-valley measurement in comparison to P-CA3 and P-DG units (0.76 ± 0.33 P-CA3/P-DG 413 vs 0.96 ± 0.38 P-CA3 and 0.95 ± 0.33 ms P-DG, p< 0.01). This suggests that there is an 414 overlap between the class B and P-CA3/P-DG unit classifications and both populations are 415 most likely interneurons. 416 We hypothesized that cells which were spontaneously active in the absence of 417 ionotropic glutamatergic and GABAergic synaptic transmission differed significantly in their 418 firing relationship with the LFPs. As shown in Fig 6C, class B neurons had significantly higher 419 increases in action potential frequency with all LFPs compared to class A cells and had higher 420 increase in action potential frequency with LFP P-CA3 than to LFP R-CA3 and to LFP P-DG . 421 Importantly, this group of cells also had larger peak PSTH after ionotropic glutamatergic 422 blockade, suggesting they were major contributors to the LFP CPP/NBQX . 423 The onset of class B cell firing preceded all LFPs more than class A cells, including 424 during blockade of ionotropic glutamatergic transmission (Fig 6D) , further supporting the notion 425 that Class B cells underlie the ionotropic glutamatergic-independent LFP . Class B unit PSTHs 426 had longer durations than class A PSTHs in all LFPs (Fig 6E) implying that they have greater 427 excitability. Both class B and A had significantly longer durations during LFP P-DG and the 428 CPP/NBQX LFP than LFP R-CA3 (Fig 6D) class B units (Fig. 6F-6I ) obtained considering four distinct parameters characterizing the 436 PSTHs triggered by the CPP/NQBX LFP. From these results it is evident that during blockade 437 of ionotropic excitatory synaptic transmission many class B units precede the start times of the 438 LFPs earlier and have higher peak frequencies and baseline firing rates with a longer duration 439 of the response to the LPFs than class A units (Fig 6F-I ). This suggests that class B neurons 440 are characterized by high excitability even during ionotropic glutamatergic blockade and that 441 their activity underlies the occurrence of the CPP/NBQX LPF. Interestingly, these cells were 442 located predominantly in the broader CA3 area (22 of 34). 443 Our findings therefore suggested that spontaneously active class B cells are likely interneurons 444 and that this population heavily overlaps with P-CA3/P-DG units. Furthermore, P-CA3/P-DG 445 units precede and therefore likely drive the ionotropic glutamatergic transmission-independent 446 CPP/NBQX LFP. The CPP/NBQX LFP predominantly originates in DG, unlike the 447 CA3-originating fields recorded in the presence of ionotropic glutamatergic transmission. This 448 suggests that spontaneously active interneurons generate the CPP/NBQX LFP observed in the 449 DG following ionotropic glutamate blockade. 450 We therefore performed whole-cell recordings from DG granule cells in the presence 451 JN-00363-2012.R2 21 and absence of blockers of ionotropic glutamatergic and GABAergic receptors. Under control 452 conditions, dentate granule cells experienced both inwardly directed EPSC sequences and 453 very small outwardly directed IPSCs in correspondence to the LFPs (Fig.7A) . Ionotropic 454 glutamatergic blockers abolished the EPSCs (Fig.7B) and dramatically enhanced the IPSCs 455 (Fig.7B) . These IPSCs were subsequently abolished by BMR (Fig.7C) we had a calculated Cl -equilibrium potential (E Cl-) of -68 mV. In recordings from 4 granule 463 neurons in 4 distinct slices (Fig.7D) , the reversal potential of the current measured in 464 correspondence with LFP P-CA3/DG was -56± 4 mV and with LFP CPP/NBQX was -53± 5 mV (Fig.7E) . 465 The difference between the calculated and measured E Cl-may relate to permeability to HCO 3 466 and/or the difficulty to obtain proper voltage clamping of dendrites of DG granule neuron in the 467 presence of 4-AP. Taken together with BMR abolishment of all currents and LFPs, these results 468
show that Cl -currents are major contributors to the LFPs recorded in DG. These findings 469 support our data from pMEA recordings that suggest that in the presence of CPP/NBQX 470 GABAergic interneurons continue to be synchronously active, and demonstrate that synaptic 471 transmission is completely blocked by ionotropic glutamatergic and GABAergic transmission 472
antagonists. LFP R-CA3 discharges that depend on iGluR and 2) LFP P-CA3/DG that had both ionotropic 486 glutamatergic (LFP P-CA3 ) and GABAergic (LFP P-DG ) dependence (Perreault and Avoli 1992; 487 Perkins and Wong 1996; Avoli and de Curtis 2011; Lamsa and Kaila, 1997). Accordingly, all 488 LFPs were blocked using GABA A and iGluR antagonists and, under these conditions, we were 489 able to record the activity from many neurons, suggesting that non-synaptic mechanisms 490 controlling the intrinsic firing of single units do operate in the presence of 4-AP. It has been 491 previously shown by Salah and Perkins (2008) that mGluRs are activated in the 4-AP in vitro 492 model although co-application of mGlu1 and mGlu5 antagonists did not prevent the emergence 493 of epileptiform activity. Furthermore, when ionotropic glutamate receptors antagonists were 494 applied in that study, mGluR blockade did not change the rate of the GABA mediated LFP 495 JN-00363-2012.R2 23 events. 496 We found three populations of neurons that displayed increases in action potential 497 frequency distinctly with the ionotropic glutamatergic and GABAergic components of 498 LFP P-CA3/DG : P-CA3, P-CA3/DG, and P-DG units. P-CA3 responded preferentially to the 499 LFP P-CA3 , P-CA3/P-DG units had similar response to both LFP P-CA3 and LFP P-DG and P-DG units 500 had a large response to LFP P-DG . P-CA3 units were primarily located in CA3 whereas P-DG 501 units were mainly located in DG. These results align well with our findings that ionotropic 502 glutamatergic-dependent field potentials originate in CA3, whereas GABAergic LFPs 503
propagate to DG or initiate in that structure in the absence of glutamatergic transmission ( Fig. 1  504 and Gonzalez-Sulser et al. 2011). Interestingly, P-CA3/DG units had very high peak 505 frequencies that did not differ between LFP P-CA3 and LFP P-DG . In addition these units had longer 506 PSTH durations and had a higher level of sustained action potential firing between LFP P-CA3 507
and LFP P-DG peaks suggesting that they fired action potentials synchronously with LFP P-CA3 and 508 that their sustained activity was involved in generating LFP P-DG . Moreover activation of 509 P-CA3/DG units preceded the LFP start time of the CPP/NBQX LFP in comparison to the other 510 two unit groups, highlighting their importance in generating LFPs after ionotropic glutamatergic 511 blockade, and suggesting their involvement in the propagation of activity into DG after it 512 initiates in CA3 during LFP P-CA3/DG . These units were mainly located in CA3 and had the highest 513 percent representation in hilus, ideal locations from which to signal DG and cause the sporadic 514 activation of that structure after the start of the LFP in CA3. 515 We also analyzed our pool of single units based on their activity in the presence of 516 iGluR and GABA A R antagonists. Cohen and Miles (2000) have reported that these antagonists 517 JN-00363-2012 hippocampal neurons allows them to generate action potential initiation. In our study, active 521 units (class B) had shorter action potential duration than inactive ones (class A). In addition 522 class B units had longer PSTHs than class A units, a higher basal and peak firing frequency 523 and, earlier onset of PSTHs. Although it is necessary to take into account that uncertainty will 524 exist when deriving information about cell types from extracellular recordings (Cohen and Miles 525 2000), the short action potential duration suggests that some class B units are likely 526
GABAergic interneurons (Ranck et al. 1973; Ylinen et al. 1995; Cohen and Miles, 2000; 527 Takahashi et al. 2007 ). Some interneuron subclasses (including parvalbumin-positive 528 fast-spikers, somatostatin expressing, oriens-lacunosum moleculare, and basket cells) have 529 been shown to fire at higher frequencies during epileptiform activity in vitro as well as under 530 more physiologically relevant conditions (Spampanato et al. 2007; Ziburkus et al. 2006; Freund 531 and Buzsaki 1996). The majority of P-CA3/DG units had sustained activity in relation to the 532 LFP PCA3 . These cells overlapped with class B units and had short spike durations suggesting 533 that they are GABAergic interneurons with higher excitability. Furthermore, this class of units 534 significantly preceded the LFP in CPP/NBQX, supporting their role in the initiation of these 535
LFPs. Simultaneous loose-patch and pMEA recordings from slices in which CA3 pyramidal and 536 DG granule neurons were visually identified showed that the activity of these neurons during 537
LFPs is similar to the firing patterns of P-CA3, P-DG, and class A units, further supporting our 538 hypothesis that P-CA3/DG and class B cells are likely to be GABAergic interneurons. 539 JN-00363-2012.R2 25 These findings also lend support to the hypothesis that both LFP DG 
